The genes for transport and synthesis of the phenolate siderophore enterobactin are present on the chromosomes of both Ent' and Ent-clinical isolates of Shigellaflexneri. To determine why Ent-S. flexneri isolates fail to express a functional enterobactin system, the structure and expression of enterobactin genes were examined. Several alterations may be responsible for the inability of S. flexneri to express enterobactin. (i) The mRNA levels produced from the eniC and fepB genes were not derepressed in low-iron media. (ii) 
In iron-deficient environments, bacteria may acquire iron by utilizing high-affinity iron transport systems which employ low-molecular-weight iron-chelating compounds, termed siderophores, and their cognate transport proteins. The enterobactin iron transport system, which has been found in Escherichia coli (30) , Salmonella typhimurium (42) , and other enteric species (21, 36) , is the best characterized of the catechol-type siderophore systems. A general characterization of the genetics and biochemistry of almost all of the E. coli enterobactin genes and their products has been done (for a review, see reference 12). In E. coli there are thought to be as many as 14 distinct activities specifically required for synthesis and transport of enterobactin. The genes are clustered over approximately 20 kb of the genome, near 13 min on the E. coli chromosome. Seven genes (entA-entG) are required for the synthesis of enterobactin (8, 11, 14, 22, 39, 48) . Severalfep genes, whose products have been localized to the cytoplasmic membrane (FepC, FepE) (32, 40) , periplasm (FepB) (41) , and the outer membrane (FepA) (28) , are required for transport of the fementerobactin complex through the cellular envelope. The product of the fes gene is thought to release iron from the ferrienterobactin complex once it has traversed the bacterial membranes (29) .
Transcription of the enterobactin genes, which is regulated by the product of the fur gene and intracellular iron, initiates from two sets of tandem promoters situated between the fepA and fes genes (37, 38) and between fepB and entC (13, 31) . It is likely that additional promoters exist.
Functional enterobactin transport systems are present in strains of Shigella dysenteriae and Shigella sonnei, but are only rarely detected in Shigella flexneri and Shigella boydii * Corresponding author. (21) . Studies examining siderophore systems in clinical isolates of S. flexneri revealed that while all the strains produced the native siderophore aerobactin, approximately 10% produced both aerobactin and enterobactin (35) . Southern hybridization analysis revealed that the enterobactin genes were present on the chromosome of Ent-S. flexneri, but neither the siderophore nor the outer membrane receptor protein, FepA, were detected (34) . In a previous study (44) , the complete enterobactin gene clusters from Ent-and Ent' S. flexneri isolates were cloned and characterized. The Entcloned genes were able to fully complement the defects in nine different E. coli mutants but failed to complement the entF mutant AN117 and only weakly complemented an entE mutant. An IS1 element, which appears to be conserved among Ent-isolates, was detected in the enterobactin gene cluster in the entF-fepE gene region. The mRNA levels produced from the Ent-entB and entF genes revealed that expression of these genes was significantly reduced relative to the levels in the Ent' strain (44) . Additionally, the mRNA levels of entB were unaffected by mutations in the Ent-fur gene, and entF was only partially derepressed in the Furstrain.
Although the FepA protein is normally not detected in the outer membrane of Ent-S. flexneri, the cloned Ent-fepA gene when present on a multicopy plasmid is able to complement the defect in an E. coli fepA mutant (44) . This observation suggests that the Ent-fepA gene product is functional but may be affected in expression or processing. In this study, the enterobactin gene cluster present in an Ent-S. flexneri is further characterized. Specific mutations or genetic aberrations in the enterobactin genes and regulatory regions were mapped by the construction of gene fusions or identified by determining the nucleotide sequence of certain portions of the enterobactin gene cluster. Additionally, expression and synthesis of the Ent-FepA protein were examined. Media, chemicals, and enzymes. Bacterial stocks were maintained frozen at -70°C in Luria broth (L broth) with 20% glycerol. L broth was used as a complete medium for routine growth of all Shigella and E. coli strains. Trisbuffered medium without added iron was used as described previously (33) to determine siderophore production. Bacterial production of siderophores was also detected by growing strains on Chrome Azurol-S medium (45) . M9 minimal medium was made as 10x stocks by the method of Miller (26) . All chemicals used were reagent grade.
DNA manipulations. Gene fusions were constructed by digesting cloned DNA with the appropriate restriction endonucleases. After the digested DNA was separated by electrophoresis through a 0.9% agarose gel, the appropriate fragment was eluted from the gel and ligated with T4 DNA ligase (Promega Biotech, Madison, Wis.) into a suitable restriction-digested cloning vector and transformed (23) into the E. coli host HB101. The gene fusion constructs were then further mapped to determine if the proper orientation was obtained. Routine isolation of recombinant plasmid DNA for restriction mapping and other purposes was obtained by using the boiling method of Holmes and Quigley (16) .
Complementation. Complementation assays to determine the ability of cloned genes to complement E. coli enterobactin mutants were performed as described previously (44) . To determine complementation specifically for the entC gene, E. coli MT147 (entC::kan) was used. Since the insertion in entC has a polar effect on downstream genes, an additional compatible plasmid carrying functional entE, entB, entG, and entA genes was present in this strain during the complementation assays.
DNA sequencing. All of the DNA sequencing was performed by the dideoxy chain termination method developed by Sanger et al. (43) . The specific procedure employed was the Sequenase system (U. S. Biochemical Corp., Cleveland, Ohio). All of the reagents and enzymes were obtained as a kit. The DNA to be sequenced was cloned into the modified M13 cloning vectors MP18 and MP19 (25) ATCTATCGTC AGGATTGTGC GCATGTGGAT ATTATCTCTC CAGGGACGTT ********** ********** ********** ********** *****G**** TGAAAAAATT GGGCCGATTA TTCGCGCAAC GCTAAACAGG **T******* ********** ********** ********** f, TE -TTATTTATAA ACCCATAATT ACAGAAAATA ATTATGGGTT ****c***** ********** * IS B GGTGATGCTG ***A****** InsA_O, CTCCAGTGGC **TGC***** TAAATTAATA CCAACTTACT GATTTAGTGT ATGATGGTGT TTTTGAGGTG ********** ********** *********A ****A***** TTCTGTTTCT ATCAGCTGTC CCTCCTGTTC AGCTACTGAC ***CA****C *****A**** *T*****C** C********A GGGGTGGTGC GTAACGGCAA AAGCACCGCC GGACATCAGC GCTATCTCTG **C*************** ******T~*** ********** ********** CTCTCACTGC CGTAAAACAT GGCAACTGCA GTTCACTTAC ACCGCTTCTC *****T************ ********** ********** ***** ACCCGGTACG CACCAGAAAA TCATTGATAT GGCCATGAAT GGCGTTGGAT G***************** ********** ********** ***** GCCGGGCAAC CGCCCGCATT ATGGGCGGTG GCCTCAACAC GATTTTCCGC *T**C**C*G T**A****** *******T** ********** G****A**T CATTTAAAAA ACTCAGGCCG CAGTCGGTAA C **C*************** ********** * p ,, McIntosh, while the Shigella ISJ sequences were compared with the nucleotide sequence of an IS1 obtained from an E. coli strain (18) . The E. coli genetic features of this region are also shown. A potential Rho-independent transcriptional termination site (Fig. 1 , designated TE) is present in the E. coli DNA sequence between the entF and fepE genes. The ISJ element appears to have inserted into a potential loop structure of the transcriptional termination sequence. Any secondary structure which could be created by the transcriptional termination sequence would be disrupted in SA101 by the insertion of the ISJ. Neither the entF nor the fepE gene coding regions of SA101 are disrupted by the IS1.
Of the approximately 125 bp of enterobactin sequences which were examined, SA101 differed from E. coli at 3 bases (Fig. 1A) . The IS] DNA sequence comparison shows 31 base changes between the SA101 IS) and the IS) obtained from the E. coli (Fig. 1B) . The insA regulatory region and the entire insA gene coding region are also present in this sequence. There exists 91% DNA sequence homology between the insA genes from SA101 and E. coli.
Mapping a mutation in the entF gene. (Fig. 2) . All of the the entC mutation in MT147 (Fig. 3) .
Expression of the cloned SA101 entA, B, and C genes. SA101 and MT147 fail to produce enterobactin and the precursor 2,3-dihydroxybenzoic acid (DHBA) when grown in low-iron media. The synthesis of DHBA requires the gene products of the entA, entB, and entC genes (48) . To and production of DHBA was examined. (Fig. 3) . Furthermore, the inability of SA101 to synthesize DHBA when harboring only pMPS32 (entC+) suggests that the gene products produced from the chromosomal entA and entB genes either are not present or are synthesized at very low levels in this strain. Interestingly, the cloned entA and entB gene products from SA101, unlike entC, are functional and are expressed at adequate levels as determined by their ability to complement E. coli mutants (44) . When the entC-fepB regulatory region. To specifically identify the defect in the SA101 entC gene, the nucleotide sequence of the 5' coding region and regulatory region of the entC gene was determined (Fig. 4) . The sequence shown in Fig. 4 extends from the start codon of the fepB gene (CAC; fepB is coded for on the DNA strand opposite from entC) to a unique EcoRV site in the entC gene. All but a small portion of the sequence (near the fepB gene) was determined for both DNA strands. The previously determined E. coli sequence of this region (6, 13, 31) , shown on the top strand, is compared with the SA101 sequence shown below it. Several interesting genetic features which may have functions in the regulation of both the fepB and entC genes lie in the region between these two genes. Putative promoter sequences, Fur binding sites, regions of secondary structure, and other genetic elements are indicated. A striking feature of the SA101 sequence is that a noncontiguous 83-bp deletion occurred in a large region of potential secondary structure G********* ***G****** SD
EntC1X
LTTTTGTGGA GGATGATATG k********* ********** GATACGTCAC TGGCTGAGGA ********** ********** AGTACAGCAG ACCATGGCAA CACTTGCGCC CAATCGCTTT TTCTTTATGT ********** ********** ********** ********** ********** CGCCGTACCG CAGTTTTACG ACGTCAGGAT GTTTCGCCCG CTTCGATGAA ********** ********** ********** ********** T**** CCGGCTGTGA ACGGGGATTC GCCCGACAGT CCCTTCCAGC AAAAACTCGC ********** ********** ********** ********** ********** CGCGCTGTTT GCCGATGCCA AAGCGCAGGG CATCAAAAAT CCGGTGATGG ********** ********** ********** ********** ********** TCGGGGCGAT TCCCTTCGAT CCACGTCAGC CTTCGTCGCT GTATATTCCT ********** ********** ********** ********** ***** GAATCCIG1C AGTCGTTCTC ******vA1** U stowp coaon TTTCACCCGC AGCCAGTCGC ***T****** ***** CCGTCAGGAA *******A** Hm AAACAAGCTT *****GA*C* CCGCACGCCG *A**C****T* TGAATGTGGT GGAACGCCAG GCAATTCCGG ****C***** ********T* AGCAAACCAC *A******** GTTTGAACAG S ATGGTTGCCC GCGCCGCCGC ****G***** ********** ACGCCGCAGG TCGACAAAGT GGTGTTGTCA CGGTTGATTG ********** ********** ********** **A****** this base change affects expression or regulation of the entC gene has not been determined.
A comparison of the coding region of the entC gene between E. coli and SA101 revealed the presence of an amber codon in the SA101 gene (Fig. 4) . This stop codon would result in the synthesis of a small truncated protein that would be unlikely to possess any entC complementing activity. The presence of this amber codon may have a polar affect on the expression of downstream genes in this operon, since it has been demonstrated in other systems that the presence of a translational termination signal can cause reduced expression of downstream genes in an operon (17) .
Expression of the cloned ShigeUa fepA gene. Although the cloned SA101 fepA gene can complement the defect in E. coli fepA mutants (44) , the FepA protein is not normally detected in the outer membrane of Ent-S. flexneri strains (35) . To from the outer membrane, expression from the cloned SA101 fepA gene was examined by constructing fepA promoter fusions to the chloramphenicol acetyl transferase (cat) gene. Fusions with the SA301 fepA gene were also constructed as a positive control. Plasmid pKK232-8 (7) , which carries a promoterless cat gene, was employed in the construction of these fusions. Promoter strength can be measured by assaying for the production of the cat gene product.
The analogous 6.4-kb EcoRV DNA fragments were used to construct the promoter fusions for SA101 and SA301 (Fig.  5A ). The autoradiograph in Fig. SB shows the result of a cat assay in which expression from the SA101 and SA301 fepA promoter-cat gene fusions was measured. Qualitative examination of the autoradiograph reveals that the SA101 and SA301 fepA promoters are equivalent in strength and are similarly regulated by iron. Quantitative analysis indicated that the level of expression from the SA101 fepA promoter was approximately 80% of that detected from the SA301 fepA promoter (data not shown).
Analysis of FepA protein by acrylamide gels. Outer membrane preparations were obtained from the fepA deletion mutant UT6900 (grown in low iron) harboring plasmids 20- FIG. 6. SDS-PAGE of outer membrane proteins obtained from either E. coli fepA deletion mutant UT6900 (lanes 1 to 6) or S. flexneri SA101 (lanes 7 to 9) harboring various recombinant plasmids. Strains were grown in either high-or low-iron media. Lanes: 1, +Fe, pMPS13 (SA101 FepA); 2, +Fe, no plasmid; 3, -Fe, no plasmid; 4, -Fe, pMPS13 (SA101 FepA); 5, -Fe, pMPS33 (SA301 FepA); 6, +Fe, pMS101 (E. coli FepA) (9); 7, -Fe, pMPS13 (SA101 FepA); 8, -Fe, no plasmid; 9, +Fe, pMPS13 (SA101 FepA).
pMPS33 (SA301 Ent+) and pMPS13 (SA101 Ent-). These plasmids contain the analogous insert DNA from the two Shigella strains, and both are able to complement the fepA mutation present in UT6900 (44) . The purpose of this analysis was to determine if any detectable FepA protein was synthesized from the cloned SA101 fepA gene and, if so, at what levels would it be present in the outer membrane relative to the SA301 protein. A comparison of the amount of the 81-kDa FepA protein produced by the two plasmids under identical growth conditions is shown in Fig. 6 , lanes 4 (pMPS13; SA101, Ent-) and 5 (pMPS33; SA301, Ent+). The SA301 FepA protein is clearly produced in substantially higher quantities than the SA101 protein. Nevertheless, SA101 FepA appears to be similar in size to that of the SA301 protein, and while it is produced at levels relatively lower than that of the overproduced SA301 protein, it is clearly as abundant in the outer membrane as other ironregulated proteins synthesized from the UT6900 chromosomal genes, namely, fiu, (83-kDa Fiu) and cir (74-kDa Cir) (Fig. 6, lane 3) (24) . This sufficient level of expression may explain why the SA101 cloned fepA gene present on this plasmid is able to fully complement the fepA defect in E. coli mutants (44) . The SA101 FepA protein produced from plasmid pMPS13 was not detected at significant levels in either the cytoplasmic membrane or cytosol (data not shown).
Additional outer membrane preparations were obtained from SA101 and UT6900 grown in either high-or low-iron media (Fig. 6) . The only iron-regulated outer membrane protein detected in SA101 is the 77-kDa aerobactin receptor lutA (Fig. 6, lane 8) (21) . Outer membrane preparations from SA101 harboring plasmid pMPS13, which carries the SA101 fepA gene, revealed that two proteins, corresponding to the 81-kDa FepA and the 77-kDa lutA, were expressed when cells were iron deficient (lane 7) but were repressed in iron-replete environments (lane 9). The 77-kDa lutA protein present in lane 8 had a slightly slower mobility than its counterpart in lane 7. This was thought to be due to an aberration in the electrophoresis process and not to any difference in size between the two proteins. Fig. 6 (lane 6) shows the outer membrane proteins expressed from UT6900 harboring the E. coli plasmid pMS101 (fepA+). This preparation is shown as a size marker to allow comparison of the FepA protein in E. coli (lane 6) with that of SA101 (lane 7).
DISCUSSION
Although most clinical isolates of S. flexneri fail to produce the siderophore enterobactin (35) , all of the strains examined were found to possess the enterobactin genes on their chromosome (34, 44) . In an earlier study (44), we initiated an investigation examining the genetic organization and expression of the enterobactin genes from Ent' and Ent-isolates of S. flexneri. In this study, we have extended our analysis and provide a more detailed description of the various genetic defects and other genetic aberrations present in the enterobactin gene cluster in an Ent-S. flexneri (SA101).
Complementation results employing S. flexneri SA101-E. coli entF hybrid gene fusions indicated that the IS] element, located near the entF-fepE intergenic region, did not interfere with the ability of the cloned entF gene to complement an E. coli entF mutant (44) . However, the unexpected presence of an IS] element in the middle of the enterobactin gene cluster encouraged us to examine this phenomenon more closely. The nucleotide sequence of the junction of ISI sequences and the enterobactin genes revealed that the ISJ element had integrated into a potential Rho-independent transcriptional termination sequence, which would likely interrupt any secondary structure which could be formed in the RNA transcript of this region. This transcriptional terminator may function to terminate transcripts over the fes-entF operon. In other systems (5), it has been proposed that the secondary structure created by a transcriptional termination sequence in the RNA can function to stabilize and prolong the half-life of an mRNA by preventing degradation of the RNA by 3' exonucleases. It is conceivable that the presence of the IS1 may be affecting the stability of the fes-entF transcript. Additionally, the mutation within the coding region of the gene may reduce message stability. It has also been suggested that the fepE gene, which lies downstream of entF, may be present in the same transcriptional unit as fes and entF (38) . IS1 elements have been shown to have polar affects on downstream genes when inserted into an operon (46) . However, it was not determined from this study what affect the IS1 has on expression of the fepE gene.
The SA101 entC gene, like entF, failed to produce a functional gene product and appeared to possess a mutation which affected both expression of the gene and the activity of the gene product. entC hybrid genes, analogous to those generated for the entF gene, mapped the defect in the entC gene to either the 5' coding region or the regulatory sequences. Analysis of mRNA levels produced from the chromosomal entC gene indicated that this gene was expressed at very low levels and was poorly iron regulated. In a previous study, the SA101 chromosomal entB gene, present in the same operon as entC, was found to be similarly expressed (44) . Interestingly, the SA101 cloned entB gene and the adjacent entA gene are both capable of fully complementing E. coli mutants (44) . However, no DHBA is detected in SA101 when the functional SA301 entC gene is placed into that strain, although only the products of the entA, entB, and entC genes are required to produce DHBA. This suggests that the chromosomal entA and entB genes are not expressed at levels adequate to synthesize detectable quantities of DHBA. It is suspected that the cloned entB and entA genes are transcribed from vector promoters, since no chromosomal promoters are present on the plasmids carrying these genes (27) . It is likely that the complementation data for these genes, and perhaps other cloned enterobactin genes, reveal little concerning the native chromosomal expression but rather are only indicative of whether a gene product is functional.
To determine more precisely the nature of the mutation(s) affecting the SA101 entC gene, the nucleotide sequence of the 5' coding region of the entC gene and the intercistronic region between fepB and entC was determined. In E. coli, the region between the fepB and entC genes is approximately 370 bp, which contains the fepB and entC promoters (6, 13, 31) . These (3) . Interestingly, the SA101 fusion protein was strongly expressed and did not affect cell growth. This observation suggests that the SA101 protein may be transported improperly or with greatly lower efficiency.
Fusions of the SA101 and SA301fepA promoter to the cat gene revealed that transcription from the SA101 promoter was about 80% as efficient as the SA301fepA promoter. This difference in transcriptional efficiencies is not sufficient to account for the difference in FepA protein detected in the outer membrane of these two strains (35) .
Production of the SA101 and SA301 FepA protein from the cloned fepA gene present on pACYC184 was examined. PAGE analysis of outer membrane preparations indicated that while detectable amounts of the SA101 FepA protein were produced, severalfold greater quantities of the SA301 FepA protein were present. No significant amount of the SA101 or SA301 FepA protein were detected in the cytosol or cytoplasmic membrane fractions. The cumulative data from this study and previous studies concerning the SA101 FepA protein suggest that the fepA gene is expressed normally but that a mutation may exist in the gene so that the transcript is translated inefficiently or the protein fails to be transported efficiently through the bacterial envelope. This mutation does not appear to impair the ferrienterobactin transport activity of the FepA protein.
Although most S. flexneri utilize only the aerobactin siderophore system, they appear to have preserved the genes of the enterobactin cluster. Many virulent isolates of E. coli and some Shigella species utilize both the aerobactin and enterobactin high-affinity iron transport systems. Why these strains possess two functional high-affinity iron transport systems is not clear. It has been shown that the aerobactin system in certain pathogenic E. coli enhances the virulence of these organisms (47) . However, the aerobactin system in S. flexneri has not been shown to be a virulence factor for this organism (20) . Additionally, the enterobactin iron transport system has not been shown to be required for virulence in any species of Shigella or in E. coli, and it appears to be completely dispensable in most strains of S.
flexneri. It is likely that the enterobactin genes present in Ent-S. flexneri represent a genetic system which in an ancestral strain may have been functional, but became dispensable, perhaps after the acquisition of the aerobactin genes by S. flexneri. It appears that the enterobactin gene cluster in Ent-S. flexneri has accumulated a variety of mutations and genetic alterations throughout the entire genetic system. Interestingly, many of these characteristics appear to have been conserved among different strains and serotypes of S. flexneri (44, 34) . These common findings include (i) the inability to synthesize both enterobactin and its precursor DHBA, (ii) the presence of the enterobactin genes on the chromosome; (iii) the existence of an IS] element in the entF-fepE region; (iv) the absence or greatly reduced levels of the FepA protein in the outer membrane, and (v) the presence of several unique restriction sites within the enterobactin gene region of Ent-S. flexneri. It is not clear why these particular characteristics are preserved among evolutionary divergent strains of S. flexneri. It is hoped that the study of these naturally occurring genetic alterations present in the Ent-S. flexneri enterobactin genes may facilitate the study and understanding of functional enterobactin systems in other organisms.
